& Boetius, 2009; Martens & Berner, 1974; Reeburgh, 2007; Treude et al., 2005) and is therefore the largest natural sink for CH 4 on the planet (Reeburgh, 2007) . The scarcity of SO 2− 4 in freshwater settings, however, may largely preclude AOM, and thus, aerobic CH 4 oxidation may dominate CH 4 consumption in such environments.
Large uncertainties accompany CH 4 budgets for freshwater environments due to physical and chemical diversity of lake, wetland, and soil systems Luesken, Sánchez, et al., 2011) . Large zones of diffusion limited marine sediments contain abundant sulfate for AOM and are therefore a more effective CH 4 sink then the narrow layers of oxic marine sediment that typically support aerobic methanotrophy (Reehburgh, 2007) . Primarily, this can be attributed to physical parameters, such as the size of the diffusion layer in which the oxidation of CH 4 occurs. Sulfate concentrations are generally also much higher in marine systems (Capone & Kiene, 1988) , and for these reasons, freshwater systems may be not as effective at total CH 4 removal as their marine counterparts. Thus, freshwater systems emit proportionally much more CH 4 to the atmosphere (Capone & Kiene, 1988; Conrad, 2009 ).
In the last decade, evidence has emerged for AOM utilizing alternative electron acceptors. Nitrate-dependent AOM takes place in enrichment cultures from NO − 3 -and NO − 2 -rich canal water (Raghoebarsing et al., 2006) and wastewater systems (Kampman et al., 2012; Luesken, Sánchez, et al., 2011; Shen & Hu, 2012) . Enrichments of Candidatus Methylomirabilis oxyfera conduct nitrate-dependent CH 4 oxidation through a novel oxygenic denitrifying pathway (Ettwig et al., 2010) . Other NO (Haroon et al., 2013) . Despite abundant documentation of NO − 3 -dependent AOM in laboratory settings (Ettwig et al., 2010; Haroon et al., 2013; Hu, Zeng, Keller, Lant, & Yuan, 2011; Norði & Thamdrup, 2014; Raghoebarsing et al., 2006) and wastewaters, its broader significance in natural environments is largely unknown at this time. However, natural systems rich in nitrate with rapid N-cycling should have the potential to oxidize large amounts of CH 4 through nitrate-dependent AOM (Hu et al., 2014) . Evidence for Fe-and Mn-dependent CH 4 oxidation is also accruing, and this geochemical evidence has been proposed to explain AOM in freshwater environments in the apparent absence of SO 2− 4 Lopes et al., 2011; Nordi, Thamdrup, & Schubert, 2013; Sivan et al., 2011; Weber, Habicht, & Thamdrup, 2017) . In some cases, SO 4 is present, but AOM appears partially or entirely decoupled from sulfate reduction (Beal, House, & Orphan, 2009; Gupta et al., 2013; Segarra, Comerford, Slaughter, & Joye, 2013; Segarra et al., 2015; Sivan, Antler, Turchyn, Marlow, & Orphan, 2014) . Despite the growing number of reports on Fe-dependent CH 4 oxidation (Bar-Or et al., 2017; Cai et al., 2018; Egger et al., 2015; Ettwig et al., 2016; Fu et al., 2016; Gao et al., 2017; Nordi et al., 2013; Roland et al., 2018; Scheller, Yu, Chadwick, Mcglynn, & Orphan, 2016) , the pathway remains unsubstantiated through pure culture experiments and its broader ecological importance is as yet unknown. Lake Matano, Sulawesi Island, Indonesia, is situated near the equator and hosts the largest, deepest, and oldest known ferruginous basin on Earth (Crowe, Jones, et al., 2008; 
| MATERIAL S AND ME THODS

| Sampling and general analyses
Samples were retrieved from a deep-water master station (2°28′00″S and 121°17′00″E) (Jones et al., 2011) in which water was pumped from depth using a double-cone intake (Jørgensen, Kuenen, & Cohen, 1979 ) sampling a thin (<2 cm) horizontal layer of water. The intake was fastened to a conductivity, temperature, depth (CTD) probe (Sea and Sun Technology), which allowed for very accurate (~10 cm) vertical positioning during pumping. A minimum of three tubing volumes of water was flushed through the pump system before sampling commenced. Oxygen concentrations, conductivity, and temperature were determined using the CTD equipped with the following sensor array: Temperature (SST PT100, accuracy ±0.005°C, precision ±0.001°C), conductivity (SST ), and turbidity (Seapoint). In addition to the measurements made using the Oxyguard sensors on the CTD, O 2 concentrations were also determined on water recovered to the surface using the classical Winkler titration (detection limit 6 μmol/L; APHA, 1985; Rose & Long, 1988) . The position of the oxycline was also verified independently in pumped water with surfacebased measurements using potentiometry with Clark-style microelectrodes (Unisense; detection limit 0.2 μmol/L), and by voltammetry using Au/Hg amalgam microelectrodes (1 μmol/L; Brendel & Luther, 1995;  data not shown). Samples for measurement of Fe 2+ concentrations were withdrawn directly from the pump stream or the spout of the Niskin bottle and fixed on site with ferrozine reagent, stored refrigerated (4°C), and analyzed by a standard spectrophotometric method (Stookey, 1970; Viollier, Inglett, Hunter, Roychoudhury, & Van Cappellen, 2000) within 8 hr. Nitrite and NO − 3 combined (NO x ) were determined by chemiluminescence (Braman & Hendrix, 1989) and SO 2− 4 by ion chromatography (Dionex ICS 1500, with an IONpac AS22 anion column and suppressor).
Samples for CH 4 concentration measurements were withdrawn directly from the Niskin bottle spout or pump tubing via a syringe and introduced via a needle directly into pre-evacuated serum bottles with thick butyl rubber stoppers, which were poisoned immediately with 100 μl of concentrated HgCl 2 to prevent methanogenesis or CH 4 oxidation. Methane concentrations were measured by gas chromatography (Agilent Technologies Network GC System 6890N), and depending on concentration, using either thermal conductivity detection (TCD) or flame ionization detection (FID).
| Incubations
| General incubation setup
Water for incubations was sampled from the lake as described above and transferred directly into 100-ml glass syringes (110, 115, 120, and 130 m) or 60-ml plastic syringes (20, 39.5, 81.7, and 105.2 
m).
Here, it is important to note that the glass syringes were used for the sample depths that were evidently anoxic or in the oxic-anoxic The syringes were closed immediately after the label addition, and a small amount of water was expelled to ensure that there were no air bubbles trapped in the closure. The syringes were then submersed in water and incubated in the dark at an ambient temperature of ~28°C for 6-18 days, with sampling intervals extending from between 30 min and several hours initially to several days at the end of the incubation period. Data used in calculating rates were generally selected from within the first 8 hr of the experiment over which rates were approximately linear, exceptions to this are discussed in the Supporting Information.
Incubation sampling was conducted by flushing a small amount of water out of the syringe closure and then injecting water via a needle into evacuated 12.5-ml Exetainers containing 1 ml of 4 M NaOH. Once the Exetainer pressure was at equilibrium with the syringe (~1 atm), the needle was removed, plugged with the butyl rubber stopper, and the syringe immediately returned to the water bath. At the end of the incubation period, the O 2 concentration was again measured inside the syringe with a Clark-style O 2 electrode.
Oxygen was below detection (250 nmol/L) in the syringes sampled from 110 m through to 130 m. Exetainers were stored upside down and refrigerated at 4°C except during air transport from Indonesia to Denmark. 
| Oxygen introduction to glass syringes
| Oxygen introduction to plastic syringes
To estimate the possible O 2 introduction into the plastic syringes over the incubation period, we computed the O 2 fluxes through the plastic syringe walls. These fluxes were also calculated using (1)
for each sample depth, which translate to different diffusion rates.
The value for d [O 2 ] was set as a constant with the outside of the 
| Measurement of radioactivity
Samples from our incubations were processed according to previously established methods (Iversen & Blackburn, 1981) . Methane was flushed out of the Exetainer for 30 min at a flow rate of 17 ml/ min, via two needles, one needle supplying a CH 4 and air carrier gas mix (2% CH 4 ) into the Exetainer and the other leading to a copper catalyst housed in a tube furnace, where the CH 4 was oxidized at 850°C. The CO 2 produced was trapped directly in 20-ml scintillation vials filled with 2-phenylethylamine (4 ml) and methanol (4 ml), which has the capacity to capture two orders of magnitude more CO 2 than was produced by the CH 4 combustion. Immediately following CO 2 capture, 10 ml of scintillation cocktail (Ultima Gold XR, Packard) was added to the vials, which were vortexed for 1 min. The samples were then left to stand for 24 hr before they were counted on the scintillation counter (Perkin-Elmer-Tri-Carb 2910 TR). Methane oxidation efficiency tests were performed and resulted in a CH 4 to CO 2 conversion >99.8% at carrier gas CH 4 concentrations of 2%.
To extract the CO 2 from the remaining liquid in the Exetainer, 1-2 drops of bromothymol blue was added to the sample to monitor sample pH, the sample was placed into an Erlenmeyer flask along with a 20-ml scintillation vial containing a folded fiberglass filter wet with 4 ml of 2-phenylethylamine. The
Erlenmeyer flask was sealed with a thick butyl rubber stopper through which a long needle was inserted to inject 2 ml of hydrochloric acid (6 M) into the Exetainer to exsolve the CO 2 . The pH was checked visually after 24 hr, and the samples were left for a total of 48 hr to allow the complete exsolution of CO 2 and its effective entrapment on the phenylethylamine soaked filter.
The scintillation vials were removed from the Erlenmeyer flasks; 4 ml of methanol was added to dissolve the precipitate, after which 10 ml of scintillation cocktail was added and the entire contents vortexed for 2 min. These samples were then left to stand for 24 hr before scintillation counting. To measure the assimilation of 14 C carbon from CH 4 during the incubations, 3 ml of the residual fluid from each Exetainer vial was transferred into a scintillation vial and 10 ml of Scintillation cocktail added. The sample was vortexed for 1 min, after which it stood for 24 hr before counting. Methane oxidation and assimilation were determined from concentrations and activities using Equations (2) and (3). Methane oxidation and assimilation rates were then computed as first order rates from the linear portion of the time series with two or more intervals.
All data used in rate calculations are tabulated in Supporting Information F I G U R E 1 Map of Lake Matano bathymetry, the extent of the anoxic basin is shaded and the location of the deepwater master sampling station and the town of Sorowako are indicated (modified after 3 | RE SULTS
| Limnology
The physical structure of Lake Matano in 2010 was much the same as previously observed (Figures 1 and 2 ; Crowe et al., 2014; Katsev et al., 2010) . During our sampling expedition, the lake was stratified with a persistent pycnocline between 110 and 250 m depth, which separates an oxic mixolimnion from a permanently anoxic monimolimnion. The mixolimnion exhibits a previously observed seasonal pycnocline , which at the time of our sampling was at a depth of 30 m. A 
| Oxic Water column
Methane concentrations in the oxic water column were 0.5 μmol/L and were oversaturated with respect to the atmosphere. Methane consumption during the 20, 39.5, and 81.7 m incubations was negligible (0.53%, 0.65%, and 0.13%) for the time interval in which the rates were measured (Table 1) (Table 1 ).
| Oxic-anoxic transition layer
Rates 
| D ISCUSS I ON
| Oxidation in the oxic water column
Methane oxidation rates from a variety of well-oxygenated environments (>25 μmol/L) have been compiled (Table 2) to F I G U R E 2 Multiyear density (a) and temperature (b) profiles for Lake Matano [Colour figure can be viewed at wileyonlinelibrary. com] contextualize rates measured in Lake Matano. The environments represented in Table 2 are characterized by broad ranges in temperature, carbon loading, and nutrient availability and are intended to qualitatively illustrate cross-system variability. The upper mixolimnion of Lake Matano exhibited CH 4 oxidation rates in the lower range of those reported from other aquatic environments ( Table 2 ). The kinetics of aerobic microbial CH 4 oxidation are typically described by a Michaelis-Menten model with typical half-saturation constants for CH 4 between 2 and 26 μmol/L (Buchholz, Valklump, Collins, Brantner, & Remsen, 1995; Dunfield & Conrad, 2000; Harrits & Hanson, 1980; Lidstrom & Somers, 1984; Remsen, Minnich, Stephens, Buchholz, & Lidstrom, 1989) and for O 2 of between 0.14 and 21 μmol/L (Joergensen, 1985; Lidstrom & Somers, 1984) . With CH 4 concentrations below these K m values, CH 4 oxidation rates in the mixolimnion of Lake Matano were likely limited by CH 4 availability. Though CH 4 concentrations in Lake Matano's mixolimnion were low, ranging from 0.5 to 3 μmol/L, and below typical K m values for methanotrophs, they are still well above threshold in vitro concentrations (50-150 nmol/L; Schmidt & Conrad, 1993; Whalen, Reeburgh, & Sandbeck, 1990) below which CH 4 oxidizing microbes can no longer access dissolved CH 4 . High O 2 concentrations (>120 μmol/L, or >48% of saturation) are also known to inhibit CH 4 oxidation (Harrits & Hanson, 1980) , and thus, at 20 m depth, CH 4 oxidation may have also been inhibited due to high O 2 concentration; however, inhibition due to O 2 below 45 m (<120 μmol/L O 2 ) would be unlikely (Harrits & Hanson, 1980) .
| Oxidation in the oxic-anoxic transition layer
Rates for CH 4 oxidation at 105 and 110 m (Figure 4 ), in the oxicanoxic transition layer, were higher than in the oxic zone. These rates were within the range reported for other freshwater systems (Table 2) . In all systems, O 2 concentrations were reported between 2.5 and 25 μmol/L and CH 4 concentrations were in the low μmol/L range. Lake Matano's rates of CH 4 oxidation in the oxic-anoxic transition layer averaged 220 nmol L −1 day −1 . This is in the low to midrange of rates observed in other freshwater bodies, which vary by nine orders of magnitude (Table 2 ). Since both O 2 and CH 4 concentrations were low within the oxic-anoxic transition zone, the rates were likely dictated by the co-availability of O 2 and CH 4 as observed in laboratory-based studies of CH 4 oxidation kinetics (Buchholz et al., 1995; Harrison, 1973; Joergensen, 1985; Lidstrom & Somers, 1984) . 
F I G U R E 3 Lake Matano profiles for (a) O 2 , (CTD), aqueous Fe(II), Mn(II), and NH
| Oxidation in the anoxic waters
Methane oxidation was also observed in incubations of water from depths (115, 120 and 130 m) below the oxic-anoxic transition zone (Figure 4 ). This observation requires us to carefully consider the possible oxidants available. As above, we first consider ) for which reactions are given in Table 3 .
To assess the energetic favorability of CH 4 oxidation coupled to potential electron acceptors, we have calculated Δ r G values for each electron acceptor considering the in-situ conditions in Lake Matano.
The possible Gibbs free energy space defined by substrate concentrations in Lake Matano is marked in green on the graphs in Figure 5 along with energies calculated specifically for the three anoxic sam- ATP and energies observed in similar environments known to support microbial growth, respectively (Caldwell et al., 2008; Hoehler, Alperin, Albert, & Martens, 1994; Valentine & Reeburgh, 2000) .
These boundaries, hence, are the lowest free energy yields that could support microbial growth using these metabolic pathways.
All electron acceptors considered provide more than this minimum Table 3 , are given in Table 1 could only contribute 8% to the CH 4 oxidation observed (Table 1) .
Similar to the oxic-anoxic transition layer, despite the apparent availability of SO 2− 4 as an electron acceptor, the measured SO 2− 4 reduction rates at these depths were less than 5 nmol L −1 day −1 (Figure 4c ).
This suggests that CH 4 oxidation coupled to SO 2− 4 reduction alone cannot support the observed rates of AOM between the depths of 115-130 m. We note, however, that while sulfate reduction is unlikely to account for much AOM, CH 4 may be an important electron donor for sulfate reduction. We are thus left with some uncertainty as to specific electron acceptors involved in CH 4 oxidation at Lake Matano given our inability to constrain the electron mass balance. It is likely, however, that we have underestimated the concentrations of particulate Fe and Mn (Jones et al., 2011) . Particles too small to be retained on 0.2-μm filters, for example, may have escaped measurement. Such small particles have been observed in the lake as nanoparticulate aggregates containing Fe and Mn using SEM and TEM (Jones et al., 2011; Zegeye et al., 2012) (2000) and Valentine and Reeburgh (2000) Mass action equations and their corresponding Gibbs free energy (ΔG°') of reaction at 298.15 K for demonstrated and theoretical AOM pathways.
F I G U R E 5
The plots show the free energy yields for CH 4 oxidation with alternative electron acceptors (a) SO 
| CH 4 assimilation
In Lake Matano, a large fraction of CH 4 metabolized (up to 90%)
was assimilated ( Figure 6 ). The fraction of CH 4 carbon assimilated in Lake Matano is indeed as high as values reported in early laboratory isolation and characterization studies (80% and 47%-70; Brown, Strawinski, & Mccleskey, 1964; Vary & Johnson, 1967) as well as a more recent study (Bar-Or et al., 2017) . Most studies on temperate lakes report that about one-third of the carbon from CH 4 consumption was assimilated with two-thirds oxidized to CO 2 (Hanson, 1980; Harrits & Hanson, 1980; Lidstrom & Somers, 1984; Rudd, Hamilton, & Campbell, 1974) . For example, the temperate meromictic Lake 120 of the Experimental Lake Area of Northern Ontario (Rudd et al., 1974) , which, like Lake Matano, is persistently stratified, exhibited only 36.8% assimilation. Due to its physical and chemical similarities, the most appropriate comparison may be to Lake Tanganyika, which exhibits on average 26% assimilation (Rudd, 1980) . We suggest that the high percentage of assimilation in Lake Matano may reflect its highly oligotrophic nature. In more productive systems, excess organic carbon is available for growth, and thus, most CH 4 carbon is channeled through dissimilation to CO 2 (Rudd, 1980) . Anecdotally, carbon assimilation from CH 4 in marine systems is generally higher than in freshwater systems (Ward, Kilpatrick, Novelli, & Scranton, 1987) and marine systems are typically more oligotrophic than freshwater.
These relatively high rates of CH 4 assimilation suggest that CH 4 may be an important source of carbon for biomass in Lake 
| CON CLUS IONS
Despite the accumulation of CH 4 to relatively high concentrations in Lake Matano's deep monimolimnion, much of this CH 4 is oxidized directly within the lake, precluding strong CH 4 fluxes to the atmosphere. Lake Matano, indeed, supports relatively high rates of CH 4 oxidation with some CH 4 apparently oxidized anaerobically (e.g., 
